In this preliminary report, sounder records obtained during cloudless days on which no major synoptic events occurred are separated into three characteristic phases. During the first phase, the records show the rise of the morning inversion associated with increasing solar heating of the surface after dawn. The second phase is the period of strong convective activity that usually exists between about 1100 and 1600 local time in summer and which typically destroys the inversion. The third phase includes the gradual regeneration of the low level inversion through radiation cooling of the lowest levels, followed by a period of persistence throughout the night until the first phase begins again after sunrise.
Acoustic sounding techniques show the presence and height of inversion layers in real time, in some conditions with an accuracy superior to that obtained by more conventional direct measurement. This is particularly true during the first phase of the diurnal cycle, when sounder records show the rise and eventual breakup of the nocturnal inversion with great clarity and thus provide highly accurate estimates of the rapidly changing mixing height through the morning hours. In addition, other thermally layered structures associated with rapidly changing synoptic events are clearly depicted on the continuous sounder charts.
Analysis of records obtained from a single acoustic sounder operating in the vertically-pointing, monostatic mode is, of course, subject to the usual ambiguity regarding the relative importance of advective effects and local changes 1. Introduction Since the vertical density structure of the lower atmosphere is a major factor influencing the dispersion of atmospheric pollutants/ the ability to monitor the presence and height of temperature inversions is of considerable value of both forecasting and research. This information can be provided by acoustic sounding techniques/ which are able to detect the acoustic energy scattered back/ or echoed/ by the thermal turbulence usually found in or near atmospheric temperature inversions. An acoustic sounder of the (2 -4) type developed by Bourne and Shaw was installed at Argonne National Laboratory in early February, 1972 , and has since been operating in the vertically-pointing, monostatic mode on a more or less continuous basis. During the ensuing year, the sounder has recorded the altitude and approximate intensities of temperature irregularities in the lowest 1.5 km of the atmosphere • Records obtained show the development and breakup of nocturnal inversions, the evolution of the daytime convectlvely-mixed layer, frontal passages, subsidence inversions, and the occasional passage of lake-breeze fronts originating over Lake Michigan.
Although Argonne was the observing site for most of the year, the sounder was also located near St. Louis for a six-week period in midsummer as part of the 1972 field program of the Metropolitan Meteorological Experiment (Metromex).
This report summarizes the results of experiments conducted during 1972 and illustrates them with a selection of analyzed data. Particular attention is paid to the diurnal cycle of the atmospheric mixed layer, and to the ability of the acoustic sounding technique to monitor the mixing height continuously. Acoustic sounder records obtained with the mobile cuff system for normal routine operations. When used with a battery-operated sounder, the mobile equipment could be operated at any convenient location, although it was found that ambient noise levels in downtown city areas were detrimental to the quality of the records obtained. Details of the cuff design and its acoustic performance are presented in the Appendix.
Observations of Typical Diurnal Cycles
On a clear night the earth's surface cools by emitting long-wave radiation, and a surface-based, "nocturnal" inversion in the vertical distribution of temperature often develops in the lower atmosphere. For purposes of the discussion to follow, three phases of diurnal development may be identified. Shortly after sunrise Phase I begins as the air near the ground is warmed and convective mixing starts to erode the inversion from the surface upwards; the upward growth of a well-mixed, adiabatic region causes the inversion layer to ascend, weaken, and eventually disappear. With the generation of full-scale convective plumes in Phase II, a comparatively deep, well-mixed surface layer is established. These conditions usually prevail until near sunset, when the decreasing solar radiation received at the ground can no longer supply the thermal energy required to maintain the convective plumes; with the setting of the sun., the nocturnal inversion begins to redevelop for Phase III.
Since the breakup of the inversion in Phase I is of particular interest to air pollution meteorologists, this period has been investigated with the assistance of multiple radiosonde ascents, surface temperature observations and LIDAR soundings. In what; follows, variations on a conventional model of the morning Inversion breakup are considered, and the performance of these techniques in predicting the mixing height is compared with acoustic sounder observations.
3.1 Phase I. The Morning Breakup of the Nocturnal Inversion Consider a surface-based inversion of the type which often exists in the lower atmosphere during predawn hours. the air near the surface is warmed and an'adiabatic or superadiabatlc lapse rate develops through the lowest few tens of meters t giving rise to a new profile which may be represented by PQA'A. Assuming that the upper levels of the profile remain essentially unchanged and that the effects of solar heating on the atmosphere are largely confined to the convectively-mixed layer near the surface, the temperature profile can be expected to develop through the stages represented by PQB'B, PQC'C, etc. until an adiabatic lapse rate is established throughout the lower atmosphere (PQG). During the process, each of the points, A', B', C, etc. in the figure represents successive bases of the rising inversion, which gradually weakens with time and finally disappears at Q.
Corresponding to this model of an eroding temperature inversion, the surface temperature record behaves as illustrated in Figure 1 (B) • The decrease In the rate of surface temperature change at G occurs after the inversion has been destroyed. That is, when the thermal plumes are able o penetrate to greater altitudes, the available solar energy input is districted through a larger volume; consequently the rate of temperature increase t the surface is decreased, and the temperature profile evolves as PG-P'G 1 .
If we assume that an acoustic sounder detects echoes from the base £ an inversion (e.g., see Refs.1,3, and 4), we would expect a typical orning record should show a steadily rising echo structure that weakens ith altitude and finally disappears. Figure 2 is an example of this type of sunder record which is almost always obtained on a morning after a clear or irtly cloudy night with light to moderate surface winds. The two examples sing temperature profiles obtained from early morning radiosonde ascents and 3 inversion breakup model described above, air pollution meteorologists ike daily estimates of the "morning mixing height." A technique frequently ed involves the addition of a small increment (typically 3 to 5 C) to the nimum surface temperature recorded during the early morning, and determines probable depth for the mixed layer by extending a dry-adiabatic lapse rate Dpe from this point on a thermodynamic diagram to an intersection with a plot the observed temperature profile derived from the radiosone data. In the iemoon the maximum surface temperature observed is normally used without justment to obtain an "afternoon mixing height" in a similar fashion. It is 2ar that the magnitude of the temperature increment best suited to any partilar situation must vary with a number of factors including the heat energy ailable at the earth's surface (from solar radiation), the rate of mixing prelling in the lower atmosphere, and local topographic effects.. To a large :ent, these matters are taken into account (at least subjectively) by an jerienced forecaster, who typically modifies the magnitude of the temperature rement to be added to suit his judgment of the characteristics of a particular lation.
Mixing heights indicated by the acoustic sounder located at the Argonne 3 were compared with predictions of the "moming-mixing-height" model ;ed on surface temperature measurements and radiosonde observations orded at Chicago Midway Airport, located about 16 km to the northeast, hese comparisons the effect of the magnitude of the temperature increment d in the model was examined by employing nine different values (multiples . 5 C) between 0.0 and 4.0 C • Each of these was added to each hourly le of the surface temperature recorded after sunrise to test the relative cts of the initial temperature on which the model was based. Extrapolaalong the dry-adiabatic slope of a thermodynamic diagram from each of e adjusted surface temperatures to the intercept of the observed temperaprofile then gave, for the time of sunrise and for each hour thereafter, a D£ nine different estimated mixing heights. By connecting the successive hourly height estimates determined by each value of the temperature increment on a time-height plot, a family of curves showing various predicted trends of the depth of the developing mixed layer is generated for each occasion studied. Figures Both examples in Figure 3 show that the inversion levels detected by the acoustic sounder ascended uniformly and rapidly during the four-hour period following radiosonde launch/ with the calculated mixing heights following a similar development. The bottom example of Figure 4 shows a slower rate of deepening of the mixed layer early in the morning, which continued until the inversion was completely eroded and, in effect, the mixing height suddenly Increased. The top example in Figure 4 shows a more complicated development; here the estimated mixing height trend for the 2 C increment (curve #5) closely follows the acoustic sounder observations. The difference between the estimated mixing height and the acoustic sounder's observations of the inversion base altitude was calculated for 12 different days, each day being examined in detail In the manner illustrated Table 1 summarizes the average difference between the predicted and observed mixing heights as a function of both elapsed time after radiosonde launch and the magnitude of the increment added to the hourly surface temperatures. On the average, the actual mixing height at radiosonde launch time was best estimated when about 3 C was added to the surface temperature, but for two to four hours later a 1 C increment added to the current temperature appeared best. While this average agreement is fairly encouraging, an analysis of variance shows that the table of average differences is not a reliable guide to individual cases.
A consistent discrepancy between the otherwise generally similar observations and predictions illustrated in Figures 3 and 4 arises from the fact that, in the early morning hours, the sounder cannot detect the bases of inversions very close to the ground. The minimum range at which echoes can be recorded is of course limited by the duration of the initial transmitted pulse; with the 0.25-s pulses usually used, Inversion bases below 70 m were effectively obscured. When near-surface-based inversions were present, the sounder usually did detect some short-range atmospheric echoes but was unable to record their lower extremities. For these comparisons, the heights of inversion bases recorded near dawn were taken to be best represented by the upper heights of the apparent grou ad-based returns recorded, less one pulse length. Since the lowest inversion could have been fairly thick or have other inversions within 70 m above it, the altitudes of inversion bases may have been overestimated in these early morning observations. As the inversion subsequently ascended, the lower edge of the echo layer soon became apparent in the record and from then on could be taken as a direct measurement of the inversion base height.
Careful inspection of the results presented in Table 1 suggests that the simple "morning-mixing-height" model may be inadequate. It is possible that mechanisms of atmospheric heating other than simple convective mixing of heat received at the surface through insolation may be significant. Further, a superadiabatic region usually exists near the surface when the insolation is strong, whereas the simple model invariably assumes that a dry-adiabatic lapse rate exists between the surface and the inversion base. Finally, the present comparison between acoustic sounder and radiosonde results does not consider spatial differences between the two observing sites, in this case 16 km apart.
To remove some of these uncertainties, an observation program was conducted near St. Louis in which radiosondes were launched from the acoustic sounder site itself at regular intervals between sunrise and early afternoon. Some of these results are presented in Figures 5 and 6 in the form of temperature profiles and corresponding acoustic sounder records. To Identify the times of radiosonde ascents, a number has been assigned to each temperature profile and printed on the time axis of the appropriate sounder record at the time of balloon release. To further assist the interpretation, the dry-adiabatic lapse (7.) Is indicated by a straight line on each profile chart.
Of the four examples displayed, only that of August 24 does not show the rising layer structure characteristic of the morning inversion breakup. Instead this example shows strong multllayered acoustic returns which descended slightly over a period of several hours and finally disappeared The remaining acoustic sounder records of Figure 5 show strong echo structures rising to about 900 m, weakening and eventually dissipating near midday. Although the radiosonde ascents verify the rising inversion structure, none of these examples corresponds very closely to the simple "morning-mixingheight" model discussed earlier.
Apart from the example of August 21, a strong surface-based inversion had not been established prior to the 0700 radiosonde ascent.
It should be noted that, in some cases, ascending echo structures show well-defined periodic oscillations in the inversion height, with peak-to-peak amplitudes between 200 and 400 m and periods between 7 and 30 minutes.
The acoustic sounder records of the Phase I type considered above are restricted to those occasions when a surface-based inversion that had developed during the night was eroded after dawn and eventually destroyed by the effects of solar heating introduced from below, rather than by a frontal passage or some other atmospheric event. On a few occasions when this set of criteria seemed to apply, the sounder records show the inversion breaking up in a series of bursts, instead of as a steadily rising layer. To illustrate this effect. Figure 7 shows two sounder records featuring a modified transition from night to daytime conditions. The upper example indicates that regions of strong echo developed from 500 m up to 1 km in five bursts which occurred at regular intervals of 20 minutes. Records of surface temperature and solar radiation appear normal and do not reflect this periodicity. Similarly, the bottom record of 
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Having discussed in some detail the major phases of the diurnal cycle to above 1 km, but unlike the earlier example, the scattering region is always several pulse lengths deep. This echo is associated with the base of a temperature Inversion with a magnitude of about 6 C as measured by several radio-(4) sonde probes. As shown elsewhere, the thickness of the echo region appears to vary inversely with the gradient of potential temperature near the base of the Inversion; thus, thinner scattering regions are associated with stronger gradients. Figure 13 is a sounder record obtained when a strong frontal zone and assocated rain passed over the sounder site. In this example the upper limit of strong acoustic returns suddenly increased from 300 m to about 1100 m at 2000. During the next two hours an organized pattern began to develop; after 2200 the general appearance of the record deteriorated rapidly as rain showers began to generate noise at the receiving antenna.
The Passage of a Cold Front
The corresponding surface temperature, lapse rate and wind direction charts have been included in Figure 13 to assist the interpretation of this case. During the first hour after the front passed, the surface temperature decreased by about 6 C. Records of the temperature differences through the lowest 50 m of the atmosphere indicate a change from a slightly stable to an unstable lapse rate when the cooler air arrived at about 2000. The frontal passage was also marked by the usual cyclonic wind shift, In this case from southeast to northwest through the west.
The Passage of a Dry Squall Line
In several ways the sounder record of Figure 14 resembles the example presented in Figure 13 . In particular, the height of the strong acoustic returns Increased by a factor of more than four within two minutes. Close Inspection of this example shows an extremely sharp "spike" in the facsimile pattern at 0215/ followed by a period of diffuse echoes extending above 1 km. Finally, a pattern of multilayered structures evolved at about 0400. Precisely at the time of the "spike" in the acoustic record, the wind speed suddenly increased from near calm to 9 in s" (from 1 to 20 mph), while the direction veered from southwest to north within minutes and then continued a clockwise rotation until finally settling in from the east. A mlcrobarograph recorded a sudden pressure Increase of 1.2 mb at the onset of this event, and a detailed surface pressure chart indicated that a squall line was in the 
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though skies were clear. The lapse rate data in Figure 16 show that a weak surface inversion existed until 2330 but that this rapidly strengthened into a temperature increase of 2 C over 50 m after the upper layer dissipated. With the increased stability in the lower layers, there is a corresponding decrease in turbulent velocity flucturations in the wind speed record.
Conclusion
Even in the absence of significant changes in surface weather patterns, the lower layers of the atmosphere undergo a regular diurnal cycle which, in this discussion, has been considered in three stages. For each phase of the development, examples of typical acoustic sounder records have been presented. In particular, it has been shown that, during the morning break up of the nocturnal inversion, continual re-evaluation of the mixing height is preferable to using the single 'morning mixing height" model based on the minimum temperature before sunrise alone. The acoustic sounder records were used to establish the height of the temperature inversion base throughout the morning, and predictions of the simple model were compared with this developing structure. In addition, multiple radiosonde soundings obtained over a sounder site near St. Louis have been used to compare measured temperature profiles with the echo structures recorded by the sounder. Once again these measurements have shown that regions of stronger acoustic return are related to anomalies in the temperature profiles and, in particular, that elevated layer-type echoes are associated with temperature inversions. Typical acoustic sounder records associated with daytime convective plumes were briefly discussed, and the decay of plume activity near sunset followed by the re-formation of the nocturnal inversions have been considered, reference again being made to appropriate acoustic sounder records.
An understanding of the normal development of the atmospheric mixing layer is of considerable value to air pollution meteorologists, and the usefulness of acoustic sounding techniques for routine monitoring, as well as detailed study of these lower atmospheric structures, has been demonstrated in chis report. 1. Under the same atmospheric conditions and at frequencies near ;Hz, the ambient noise levels within the cuff were no more than 5 db er than those observed in the permanent hole; this was still better than ) less than the free-field noise intensity.
2. At wind speeds in excess of 7 m sec , the cuff structure acted significant obstruction in the wind field; the resulting wind-induced noise slightly greater than the noise generated in the hole by similar winds.
ver, in such conditions/ simply parking the trailer in the lee of a building ted in sounder operating conditions significantly better than those cperienced in the permanent hole.
3. Clutter or permanent echoes were effectively eliminated at rural oerating sites, but when soundings using the portable cuff were made in wntown Chicago, echoes from tall buildings were often detected.
4. The "annoyance factor" caused by the generation of a powerful idio pulse near 1 kHz at regular intervals in a residential area was tested hen the sounder was operated for four days on the campus of the Illinois istitute of Technology (IIT) in Chicago. No complaints were received, and le attention of local residents was attracted more by the unusual appearance £ the trailer-mounted cuff than by the strongly attenuated sounds. However, le very high background levels of ambient noise in the city served to cover ie sounder operation, and the same results should not be expected in quiet uburban areas.
5. To evaluate the performance of the cuff in reducing ambient noise vels at the transducer, noise intensities and spectral measurements were made >th in and out of the cuff at both city sites and rural locations. All values of >und pressure levels were measured with respect to the standard reference of -4 -12 x 10 jibar, a pressure level equivalent to a reference intensity of 10 _2 m , which at 1 kHz is barely audible to normal human ears. The top record Figure 18 shows measurements of ambient noise made at the IIT site. The oad bandwidth noise intensity (50-20,000 Hz) averaged about 80 to 85 db and gularly reached peaks in excess of 90 db when elevated trains passed within 8 km of the site (at about one-minute intervals). The cuff provided little lection of this noise, as shown by the second trace in Figure 18 . In similar atmospheric conditions the same type of noise level measurents were made at the essentially rural site of Argonne National Laboratory; results of these are also displayed in Figure 18 . There appears to have jn at least 15 db difference in the broad bandwidth noise level between city 1 rural sites; again the cuff seems to offer only minor rejection of noise, wever, when the character of the noise levels was investigated by measuring ;ctra, the signicant advantages of the cuff in rejecting noise at the higher lio frequencies of principal interest became apparent. Figure 19 represents The top charts of Figure 19 obtained at the city site show that at 400 Hz Ise level was about IS db less inside the cuff than in free space; but the ely flat response curve appearing in the cuff spectra between 400 and "z, compared to the uniform decrease over the same interval in the freepectra, means that only about 5 db of noise rejection was offered by the the typical acoustic sounder operating frequency of 1300 Hz. However/ luencies of 2000 Hz and above the cuff spectra show noise rejections i than 10 db. This suggests that city experiments using the mobile cuff )e improved by employing a transmitting frequency of at least 2000 Hz. The results of spectral measurements made in similar atmospheric ons in a rural environment are given in the bottom chart of Figure 19 .
